Abstract: Stochastic variation of sex ratio has long been appreciated as a potential factor driving small populations to extinction, but it is not the only source of sex-ratio bias in small populations
Introduction
Understanding the demographic processes leading to extinction is fundamental in the management of endangered species. Sex-ratio variation, and its possible consequences to populations, is a central concept in population demography (Le Galliard et al. 2005) . Stochastic variation of sex ratio is a potential factor driving small populations to extinction (Gabriel & Bürger 1992; Courchamp et al. 1999) and is usually included in viability analyses of small populations with sexual reproduction (Ferrer et al. 2004; Rossmanith et al. 2006 Rossmanith et al. , 2007 . Extinction risk due to sex-ratio variation alone seems relevant only at very small population sizes, but it becomes important when it interacts with stochastically changing population size (Gabriel & Bürger 1992) . Nevertheless, stochastic variation is not the only possible source of sex-ratio bias in small populations (Steifetten & Dale 2006) .
According to Fisher (1930) whenever the sex ratio of a population deviates from equilibrium, any genetic disposition to produce the rare sex will be favored by selection and the ratio will eventually return to equilibrium. The numerical value at the point of equilibrium depends on the relative cost to the parents of rearing each sex. When males and females are equally costly to rear, the population sex ratio should be 1:1, but if they differ in cost, more of the cheaper sex should be produced. Trivers and Willard (1973) were the first to suggest that parents should adjust the sex of their offspring in response to environmental conditions, investing more in whichever sex maximizes their fitness. Based on these ideas, adaptive explanations for sex-ratio variation among vertebrates have been the subject of much debate (e.g., Gowaty 1991; Hardy 1997; West & Sheldon 2002) . Studies on vertebrates, and especially birds and mammals, led to contradictory results (Newton & Marquiss 1979; Clutton-Brock 1986; West & Sheldon 2002) . In any case the possibility of distortions in the natal sex ratio of birds seems now to be well established (Wiebe & Bortolotti 1992; Komdeur et al. 1997; Korpimäki et al. 2000) , even if the adaptive significance is still obscure in some cases (Heinsohn et al. 1997) .
The possible effects of these facultative sex-allocation mechanisms in size-dimorphic species, resulting in sexratio biases, on the viability of small populations have not been analyzed. According to the environmental sex determination hypothesis, for instance, parents in poor conditions (scarce food and poor territories) tend to produce more of the cheaper sex (Trivers & Willard 1973) . Consequently, in an increasing population still with a low density and most of the pairs being able to occupy good territories (e.g., as in a recent colonization), a bias toward the more expensive sex would be expected. In addition, some conservation measures, including supplementary feeding, could affect sex ratio (Tella 2001) , increasing again the frequency of the most expensive sex. On the other hand, some authors studying age effects on offspring sex ratio found significant impacts, with younger breeders producing more of the cheaper sex (Blank & Nolan 1983; Weimerskirch et al. 2000) . Consequently, if in a small population the age structure of the breeding component changes, which is likely to occur in eagles , some deviation favoring the cheaper sex (males in this case) would be expected.
Here we report variations in the sex ratio at fledging in a long-term study of a declining Spanish Imperial Eagle (Aquila adalberti) population. We analyzed changes in sex ratio with population level and examined whether these changes could be explained by stochastic variations or whether some other explanation was needed. We included in the analyses factors that are not frequently examined in studies of sex ratio: age of parents, density of population, and territory quality. Our aim was to determine whether facultative sex allocation could increase or decrease the risk of extinction in small, declining populations of size-dimorphic, long-lived birds such as eagles.
Methods

Species and Population
The Spanish Imperial Eagle is one of the rarest raptor species in the world, with a total estimated population of a little more than 140 pairs (Ferrer 2001) . It is a large (2500-3500 g), nonmigratory, and territorial bird of prey, with a low reproductive rate (0.75 chicks · pair −1 · year −1 ), an immaturity period of 4-5 years, and an estimated maximum longevity in the wild of up to 21-22 years (Ferrer & Calderón 1990) .
The Spanish Imperial Eagle can be divided into three easily distinguishable plumage classes: juvenile, tawnycolored plumage that remains until the bird is about 3 years old; subadult, dark patches over a tawny base, present in birds 4-5 years old; and adult, predominantly dark brown with characteristic white markings appearing at the age of 5 (Ferrer & Calderón 1990) . These differences facilitate the detection of mixed-age pairs (one or both members of the pair in nonadult plumage class). Throughout this paper, we use the term immature to refer to the state of the plumage rather than to reproductive ability.
Data from the eagle population of Doñana National Park (southwestern Spain, 37
• N 6
• 30 t W) were collected in . During this period, the breeding population ranged between 16 and 7 pairs and the percentage of immature breeders (eagles with nonadult plumage) varied between 3% and 23% (Ferrer et al. , 2004 . The eagle population at Doñana is apparently separated from other breeding populations: the other nearest nesting conspecifics are 300 km away (Ferrer 2001) .
During the study period, the eagle population showed two distinct phases: 1984-1992, a period of population stability, and 1992-2004, a period of population decrease. After 1992 a dramatic increase in annual adult mortality due to an increase in poisoning in hunting areas surrounding Doñana National Park was recorded. Illegal use of poison against generalist predators accounted for more than 54% of the number of breeding eagles found dead since 1992, increasing annual adult mortality from 6.07% to 12.01% (Ferrer & Penteriani 2008) . This high mortality, affecting breeders but not floaters (Ferrer & Penterini 2008) , reduced the breeding population annually by 6% during 1992-2004. In 2004 there were only eight pairs, increasing the frequency of immature breeders (Ferrer et al. , 2004 
Data Collection
We surveyed the study area at the beginning of each breeding season (January-February, during the courtship and nest site selection period; Ferrer 2001) to determine whether pairs were present in the territories. The sedentary behavior of this species and its tendency to call repeatedly greatly facilitate observation of a pair in a territory. Therefore, it is likely that all breeding attempts were detected, as were pairs that did not breed. The territories were surveyed again during the postfledgling period to record the number of fledglings produced per breeding pair. Overall, we knew the number, productivity, and age classes of all breeding individuals for 21 years in Doñana National Park.
Sex Determination
Nests were also visited to ring the young when they were 45-55 days old. During 1984-1999 sex was determined with a discriminant function analysis that included forearm and tarsus length (Ferrer & De le Court 1991) . Since 2000 we also used a different method to determine sex. We took blood samples when ringing the nestlings and used the cellular fraction to sex the eagles (Ellegren 1996) . The analyses were carried out at Doñana Biological Station. During 2000-2004 we determined the sex of 29 nestlings from Doñana National Park. To compare data derived from morphometric sex determination (1984-1999 period) with data from DNA analyses (2000-2004 period) , we calculated the percentage of correct classifications obtained with discriminant function with individuals whose sex was also determined with DNA analyses.
Population Viability Analyses
We conducted simulation analyses to analyze the effect of sex-ratio bias on population persistence. We used the Vortex simulation software (Vortex, version 9.72, Lacy et al. 2005) , which incorporates the effects of environmental and demographic stochasticity, to develop models of population dynamics of Spanish Imperial Eagles in Doñana. Vortex is an individual-based simulation model for population viability analyses (PVA). It models population dynamics as discrete, sequential events that occur according to probabilities defined by the user and as constants or random variables that follow specified distributions. The events used for modeling describe the typical life cycle of a sexually reproducing, diploid organism. The method is particularly suitable for species and populations, such as Imperial Eagles, that have low fecundity, long lifespans, small population sizes, estimable age-specific fecundity and survival rates, and monogamous breeding (Lacy 2000) .
COMPARISON SCENARIOS
Using previously published estimations of fecundity and mortality parameters (Ferrer & Calderón 1990; Ferrer et al. 2004; Ferrer & Penterini 2008) we conducted two simulation scenarios. Scenario 1 simulated the trajectory of the Doñana population of eagles since 1992 (decline period) without any bias in sex ratio (i.e., 50% males). Scenario 2 simulated the trajectory of the same population but with the same sex bias that occurs in the real population (i.e., 2.53 males:1 female). In both scenarios 1000 replicates were conducted to estimate the effect of sex-ratio bias on population viability. We parameterized the base demographic model and then evaluated model sensitivity to deviation in specific parameters (adult and juvenile mortality) by systematically increasing and decreasing the base values of the parameters by 10% and 20%, respectively. We started the simulations with 16 breeding pairs in the population, the age structure of a stable population (45 individuals in total; Ferrer & Calderón 1990; Ferrer et al. 2004) , and a total population ceiling of 200 individuals.
BASE SCENARIO
Conventions used in the PVA included a monogamous breeding system, a stable age distribution, and breeding by 100% of adults. Reproduction was assumed to occur at 5 years of age, and the maximum age of reproduction was set to 22 years (Ferrer 2001 ). Because population density was very low during the simulated period (Ferrer & Donazar 1996) , we considered a density-independent model. To account for environmental stochasticity, we subtracted the expected binomial variance from the total variance estimated from the field data. Following Brook (2000) , the expected binomial variance was calculated as
[
where p is in each case the rate of fecundity, juvenile mortality, or unpaired or paired eagle mortality, n is the population size at each successive year, and Y is the total number of years of data. Spanish Imperial Eagles have a recorded mean clutch size of 2.47 (SD 0.51) and a mean fecundity of 0.75 (SD 0.23) fledglings · pair −1 · year −1 (Ferrer & Donazar 1996) . Annual adult mortality rate in Doñana during a long period of population stability was estimated at around 6% (Ferrer & Calderón 1990) . During 1992-2004, a period of population decline, the annual adult mortality rate was about 12% (Ferrer & Penteriani 2008) . Annual adult mortality during this last period increased by 100% relative to the mortality rate of a stable population because of an increase in poisoning in hunting areas surrounding Doñana National Park. Nonadult mortality, however, was similar in both the stability and the decline periods (Ferrer et al. 2004 ). We considered a population extinct in simulations when only one sex remained. Time simulated was 100 years.
Statistical Analyses
We conducted two different sets of analyses. The first examined possible causes of sex bias (including parent age, territory quality, and population density). The second examined the effect on the population of the skew in total offspring sex ratio. When analyzing factors affecting sex ratio, the unit we considered was the brood. Within each brood, sex ratio was expressed as number of males/number of nestlings; thus, we avoided pseudoreplication due to autocorrelations inside the brood.
We performed most analyses with generalized linear models (GLM) with binomial distribution and logit link function. Territory and year were treated as random effects to account for possible correlations due to the long life of the eagles and to avoid pseudoreplication. Age of the parents was included as a fixed effect, and brood sex ratio as a dependent variable. The most consistent explanatory model according to the Akaike information criterion (AIC) was selected.
When analyzing the effect of sex-ratio deviations on the population of eagles, we calculated sex ratio as total number of males/total number of nestlings per year. Annual population level was expressed as a percentage of maximum-recorded density from the Doñana population (16 pairs). Territory quality was categorized into three levels on the basis of year of first occupation of territories in a period of population increase (a good indicator of quality, see Ferrer & Donazar 1996) . We used a nonparametric method (chi-square goodness of fit) to compare observed sex ratios against expected ratios under an overall ratio of 1:1. We used the GLM to perform most parametric analyses. The data set was analyzed to evaluate any possible relationships between the percentage of immature breeding birds or population levels and the degree of bias in population sex ratio. All tests were two-tailed, and statistical significance was set at p < 0.05.
The results of the Vortex simulations were also tested with GLM analyses; we looked for significance of sex ratio as a random factor in distribution of extinction times of replicates. In addition, we used a Wilcoxon matchedpairs test to compare distributions of the number of surviving populations by year between scenarios. All tests were conducted in the STATISTICA 7.0 software packagec (StatSoft, Tulsa, Oklahoma).
Results
Sex Determination, Fledgling Sex Ratio, and Population Trend
The discriminant function correctly classified all eagle nestlings (n = 29) whose sex was also determined from DNA. Thus, sample size for the Doñana population was 115 nestlings in 71 broods over 21 years.
The population remained stable during 1984-1992 at 15-16 breeding pairs. More than 250 breeding attempts were recorded throughout this period. After 1992, with the increase in adult eagle mortality by poisoning, the population declined by about 6% per year (only eight pairs in 2004; Fig. 1 ).
Throughout the study period ) fledgling sex ratio was not significantly different from 1:1 (66 males, 49 females, χ 2 = 2.51, p = 0.112). During the period of population stability (1984-1991) sex ratio was not significantly different from 1:1 (23 males, 32 females, Among data from adult-adult pairs alone, the withinbrood sex ratio during the period of population stability did not differ significantly from the ratio during the pesex of the immature breeder was 15 pairs of a male adult with a female immature, 5 pairs of an immature male with an adult female, and 3 pairs in which both sexes were immature. Brood sex ratio did not differ significantly among the three types of mixed-age pairs (GLM binomial distribution and logit link; Wald statistic = 0.0006, p = 0.916), but these results must be taken with caution because of the small sample size and the consequent low power of the test.
During the entire study period, the within-brood sex ratio differed between adult-adult pairs and pairs with at least one immature partner (GLM binomial distribution and logit link; Wald statistic = 8.736, p = 0.003), with a predominance of males in the broods of mixed-age pairs (mean brood sex ratio: adult-adult pairs = 0.445, mixedage pairs = 0.862). The mean sex ratio in the brood and fecundity by territory were not related (r = 0.382, df = 13, p = 0.159). Fecundity among territories differed significantly (ANOVA, F 2,12 = 6.642, p = 0.011) within the three levels of habitat quality. Nevertheless, no differences in the mean brood sex ratio among the categories of territories were evident (ANOVA, F 2,12 = 2,215, p = 0.151).
The main effects of the GLM showed that only age of breeders had significant effects on brood sex ratio; males predominated within the broods of mixed-age breeders (GLM binomial distribution and logit link; Wald statistic = 11.068, p < 0.001). The AIC showed that the most consistent explanatory model was the one that included only parental age (Table 1) . The percentage of immature breeders by territory category was significantly related to the mean sex ratio of offspring (r = 0.545, df = 13, p = 0.035). There were relatively more fledgling males in territories with more immature breeders. Comparisons of brood sex ratios of adult-adult pairs and mixed-age pairs in the same territory differed significantly (Wilcoxon matched-pairs test; Z = 2.240, n = 15, p = 0.025). Consequently, fledgling sex ratio seemed to depend more on age of breeders than on features of the territory. Sex ratio within the brood was not significantly related to brood size (Kruskal-Wallis, p = 0.591).
Simulation Results
Time to extinction of the 1000 simulated populations was significantly longer for populations with a sex ratio of 50% males than for populations with a sex ratio of 72% males (Wald statistic 170.97, df = 1, p < 0.001). The mean time to extinction was 20 years with sex ratio of 50% males versus 11.5 years with sex ratio of 72% males (i.e., a 42.5% decrease in the mean persistence time because of biased sex ratio) ( Table 2) .
The number of surviving populations per year differed significantly between scenarios (Wilcoxon matched pairs test; Z = 7.167, n = 100, p < 0.001; Fig. 3) . Consequently, survival of declining populations depended on offspring sex ratio.
Sensitivity analysis showed that populations in both scenarios failed to persist even with an increase of 20% in adult or juvenile survival (Table 3) . The abnormally high level of adult mortality due to poisoning in this population explains this result. The mean time to extinction, however, was more sensitive to adult and juvenile mortality than to equivalent distortions in sex ratio (Table  2) . With 20% increases in adult or juvenile mortality, the mean time to extinction decreased by 23% and 13.5%, respectively, compared with the base scenario. With the same distortion in sex ratio (+20%) the decrease in the mean time to extinction was only 5.5% (Table 2) . Nevertheless, the highest decrease in the mean time to extinction was obtained when we used the observed distortion in sex ratio, which was 72% male offspring. With this level of sex deviation the mean time to extinction was reduced by 42.5% compared with the base scenario (i.e., a mean time to extinction of 11.5 years with sex bias vs. 20 years in the base scenario; Table 2 ).
Fledgling Sex Ratio and Egg and Chick Mortality
Fecundity parameters differed significantly between adult-adult pairs and mixed-age pairs (Table 3) , the former having larger clutch sizes, brood sizes, and the mean number of fledglings per nesting attempt than mixed-age pairs. Nestlings produced by adult-adult pairs suffered 17.9% of nestling mortality, whereas nestlings produced by mixed-age pairs suffered 14.3% mortality (Table 3) . If all the chicks that died were females, the ratio of males to females would have been 13/8 among pairs in which one or both partners were immature compared with 47/45 among pairs in which both partners were adults (Fisher exact test, p = 0.059). Therefore, differential mortality in nestlings did not wholly explain the predominance of males among offspring of immature breeders.
Similarly, 45.4% of eggs laid by adult-adult pairs subsequently hatched, compared with 18.9% of eggs laid by pairs in which one or both partners were immature (Table 3). If all the eggs that did not hatch were females, the ratio of males to females would have been 19/108 among pairs in which one or both partners were immature compared with 47/45 in adult-adult pairs (Fisher exact test, p < 0.001, with significant predominance of females among mixed-age pairs). Consequently, a hypothetical differential mortality in eggs could wholly explain the predominance of males among offspring of immature breeders.
Discussion
We found a sex-ratio deviation at the population level in the Imperial Eagles we studied. To our knowledge this has not been reported previously in monogamous species because most studies of sex-ratio deviations in birds examined intrabrood (Wiebe & Bortolotti 1992) or seasonal deviations (Dijkstra et al. 1990 ). The skewness in sex ratio in Spanish Imperial Eagles was related to age of the parents. In contrast, no clear effect of territory quality on within-brood sex ratio was found. Adult-adult pairs produced the same proportion of both sexes in high-or low-density situations, but pairs with at least one subadult member produced more male offspring, the smaller and cheaper sex. A possible explanation for male-biased production of mixed pairs is the sex-biased mortality, with more young females dying during the nestling period. Because they grow more rapidly to a larger size as fledgings, nestling females may have greater food needs than males. Nevertheless, only a hypothetical differential mortality in eggs-but not in nestlings-could wholly explain the predominance of males among offspring of immature breeders.
Age of first breeding in this species is densitydependent (Ferrer et al. 2004) , so when the population falls below capacity level, the proportion of immature breeders increases . With high population density and a stable number of breeding individuals, the mean age of breeders increases, so immatureplumaged birds are forced to wait to mate or disperse (Ferrer et al. 2004) . As proportion of immature breeders in a population increased the proportion of fledgling males increased. When population density was high, however, immature breeders decreased and more female offspring were produced, bringing the nestling sex ratio closer to unity. This relationship allowed us to make predictions about the effect of population density on nestling sex ratios.
In the Spanish Imperial Eagle, as in many other birds (Newton 2008) , the female is the most dispersive sex (Ferrer 2001 ). Hence we can predict that when an eagle population is below saturation level and many territories are vacant, the most philopatric sex will tend to "overproduce" because of an increase in the number of mixedage breeding pairs (Ferrer et al. , 2004 . Conversely, when the population is saturated, the most dispersive sex will tend to overproduce because of an increase in age of the breeders. These consequences of the relationship between age and sex ratio will have different effects depending on the metapopulation situation. If the population is relatively isolated and decreasing, overproduction of the most philopatric sex increases extinction risk (a 42.5% decrease in persistence time in our case). On the other hand, if the population is well connected with other populations within the same metapopulation, overproduction of the most philopatric sex in low-density situations could increase fitness of individuals, which may decrease age of first reproduction. On the other hand, overproduction of the most dispersive sex at high densities would also decrease the mean age of the breeding population. Early reproduction in life, which increases breeding lifespan, may be the major demographic determinant of lifetime reproductive success in long-lived bird species such as eagles (Newton 1989) . Thus, any reduction in age at first breeding would be positive for the individual.
The relationship we found between age and sex ratio could explain some results obtained by other authors and some apparent contradictory findings. Environmental sex determination is commonly used to explain intrabrood sex-ratio deviations; parents living in poor conditions (scarce food and poor territories) tend to produce more of the cheaper sex (Trivers & Willards 1973) . Results of several studies support this hypothesis (Wiebe & Bortolotti 1992; Korpimäki et al. 2000; Wade et al. 2003; Suorsa et al. 2003 ), but none take parental age into account.
We found no effect of territory quality on brood sex ratio in the Spanish Imperial Eagle, but in many situations, immature breeders tend to be present more frequently in poor territories and seldom or never in the better ones (Ferrer & Bisson 2003; . Nevertheless, during the study period, the decline of our eagle population due to high adult mortality was so pronounced that the percentage of immature breeders reached the highest values ever recorded among large eagles. Good territories were thus made available to young eagles. It is common in territorial birds for younger breeders to start their reproductive lives in poor territories (Newton 1991 , Ferrer & Bisson 2003 , so with an appropriate age distribution by territory, an apparent effect of territory quality on brood sex ratio could emerge that could be partly or entirely an age effect.
In the course of population management of Kakapo (Strigops habroptilus, an endangered flightless parrot that has a large sexual size dimorphism) adult females were provided with year-round supplementary food in an attempt to increases reproductive output. Recorded fertility, however, was low, and seven out of eight fledglings were males. This deviation was interpreted as a demonstration of the environmental sex determination hypothesis, because with unlimited food, adult females produced the most expensive sex (Tella 2001) . However, the same author said that the low fertility recorded might be related to senescence of adult females (Clout & Merton 1998; Tella 2001 ). An age effect is a plausible alternative explanation.
Another commonly suggested interpretation is that sex ratio is biased toward the sex with the wider or more even dispersal pattern (Clark 1978; Gowaty 1993; Lambin 1994; Taylor 1994; Komdeur et al. 1997 ). This sex-ratio bias depends on whether the population is at low or high density. In our study the most dispersive sex was slightly overproduced only when the population density was high. In such a case breeder age increases and more female offspring are expected, but the reverse situation is predicted with low population density. Thus these buffer effects could be interpreted as a refinement of Clark's (1978) "local resource competition hypothesis."
Other authors studying age effects on offspring sex ratio found significant effects, with younger breeders producing more of the cheaper sex (Red-winged Blackbird [Agelaius phoeniceus], Blank & Nolan 1983 ; Wandering Albatross [Diomedea exulans], Weimerskirch et al. 2000) . Unfortunately, papers on the possible effect of age of breeders on nestling sex ratios are scarce.
Conclusions
Our findings show that fledgling sex ratio could be biased at the population level, and that bias toward the cheaper sex (males for Imperial Eagles) could be related to parental age. Because the mean age of breeders is density-dependent in Spanish Imperial Eagles, sex ratio ultimately may be related to population density.
The variation in parental investment with age could be explained by the optimal age-related investment theory (Charlesworth 1980) . A lower residual reproductive value for older parents could explain a stronger investment in the more expensive sex later in life (Trivers 1972) . Or perhaps younger parents do not have an opportunity to get into good enough condition to meet energy demands of raising the more expensive sex. Regardless of this possibility the absence of a relationship between territory quality and sex ratio gives little support to this interpretation.
These findings have important consequences for conservation plans. In the current population, with only seven breeding pairs and 72% of fledglings being male, population reinforcement with young females may help recovery. Decreasing adult mortality, however, must be the main goal because of the large effect of this parameter on population persistence and its secondary effect on sex ratio. A decrease in the mean age of breeders increases the distortion in sex ratio, which decreases the mean time to extinction. Consequently, a program to recover the Doñana population of Imperial Eagles and equilibrate its sex ratio was started in 2006. This program included 0.5-ha fenced areas in which live rabbits were provided throughout the year to reduce movement of adult eagles outside the park (and thus reduce the risk of poisoning) and three young females were added each year from other populations. The program will continue for several years until breeder age increases enough to avoid large deviations in sex ratio. We predict that in any small and declining population of long-lived, sizedimorphic species in which there is an increase in the proportion of immature breeders, a deviation in sex ratio will occur and it will increase the risk of extinction. Consequently, monitoring of fledgling sex ratios would be an informative component of any conservation plan for such populations.
